Introduction {#s1}
============

The cortical column, in particular that of the barrel field in the somatosensory cortex of rodents ([@BHT268C52]), with its ∼15 000--20 000 neurons distributed over 6 layers, has attracted in recent years an intense experimental attention ([@BHT268C10]; [@BHT268C35]). Novel anatomical, electrophysiological, optical, and molecular techniques have provided new information about the pattern of neuronal connectivity, reliability, and efficacy of synaptic connections and the electrical and morphological types of neurons that constitute the cortical column ([@BHT268C31], [@BHT268C32]; [@BHT268C40]; [@BHT268C29]0, [@BHT268C30]; [@BHT268C38]; [@BHT268C43]; [@BHT268C15], [@BHT268C16], [@BHT268C14]; [@BHT268C20]; [@BHT268C45]; [@BHT268C44]; [@BHT268C46]; [@BHT268C26]; [@BHT268C27]; [@BHT268C28]). In vivo recordings in both anesthetized animals ([@BHT268C3]; [@BHT268C2]; [@BHT268C11]; [@BHT268C23]; [@BHT268C42]) and recently also in awake animals ([@BHT268C9]; [@BHT268C21]; [@BHT268C39]) provide a wealth of information regarding the dynamics of the response within the column following sensory stimulation. With the accumulation of these new data, the need to understand how the structural and physiological details give rise to the dynamics of the cortical column, and eventually to its function, becomes more acute. A modeling framework that enables one to integrate the accumulating body of experimental data about the cortical column is therefore essential.

Recently, we have proposed a comprehensive computational approach for constructing an in silico model of the neocortical column ([@BHT268C41]). This systematic approach is based on modeling basic building blocks (connection "modules") of a column, by combining in vitro paired recordings and anatomical reconstruction and in vivo recordings from the respective projection and target cells of a connection. We started by focusing on the synaptic connection between layer 4 (L4) spiny stellate cells and layer 2/3 (L2/3) pyramidal cells (PCs) in rat somatosensory cortex ([@BHT268C15]). We constructed this L4--L2/3 module based on the parameters found from pair recordings of connected L4-to-L2/3 neurons, together with the spatial distribution and number of L4 synapse on L2/3 dendrites ([@BHT268C30]) and the average in vivo spiking probability (the poststimulus time histogram, PSTH) of L4 spiny neurons ([@BHT268C3]) evoked by single whisker deflection (WD). The model predicts that, when using the average PSTH of L4 neurons as an input, synaptic signals arriving via the L4--L2/3 connection, on their own, do not reach the spiking threshold of L2/3 PCs. However, taking into account that some of the spiking L4 spiny neurons are more responsive than others, we showed that L2/3 PCs are likely to spike at low frequency following WD, as observed experimentally ([@BHT268C2]).

We extended this work by constructing another major cortical module---the excitatory synaptic connection between intracolumnar pairs of L2/3 PCs (Fig. [1](#BHT268F1){ref-type="fig"}*a*). This model is based on the parameters found from pair recordings of synaptically connected L2/3--L2/3 PCs, the total number of L2/3 synapses converging on the dendrites of a single L2/3 neuron (270 axons, 2.8 contacts per axon) and their spatial distribution over the dendritic field ([@BHT268C30]), and the average in vivo spiking probability of L2/3 PCs following WD ([@BHT268C2]). The model predicts that the intralaminar (lateral) connection between L2/3 and L2/3 PCs is weaker than that of the feedforward L4--L2/3 connection. It cannot on its own initiate a spread of activity in the L2/3 network. Figure 1.Extracting synaptic parameters through fitting model to experiments. (*a*) Schematic drawing depicting the cortical modules modeled in this study. Shown are the feedforward excitatory connection between L4 spiny stellate and L2/3 pyramidal cells and the lateral excitatory connection between L2/3 and L2/3 pyramidal cell pairs (circle). (*b*) The postsynaptic cell from each connected pair of L2/3 pyramidal cells is shown in gray together with the putative synaptic contacts (red dots) originated from the corresponding presynaptic cell. For each case, black trace at right is the average EPSP (*n* = 62, 20, 91, from top to bottom) resulting from a single presynaptic spike; modeled EPSP is depicted in red. The corresponding values for *R*~in~ (MΩ), *R*~m~ (Ω × cm^2^), and *C*~m~ (µF/cm^2^) in these modeled cells are, respectively, 88, 16 000, 0.91 (top cell); 75, 15 000, 1.1 (middle cell), and 46, 6000, 2.0 (lower cell) with *R*~i~ = 150 Ω × cm in all cases. (*c*) Experimental average EPSP (*n* = 20, black line) measured in 4 other connected L2/3--L2/3 pyramidal cells pairs that were not morphologically reconstructed. In these cases, the morphology of a typical reconstructed L2/3 pyramidal neuron was used for modeling (gray cell at the left; see Materials and Methods section) with location of synaptic contacts as shown by red dots. For this case, *R*~in~, *R*~m~, and *C*~m~ are 74, 14 000, and 0.89, respectively.

Next, we combined the 2 modules by computing the voltage response of the modeled L2/3 PC following the firing of both the presynaptic L4 spiny cell population and of the presynaptic L2/3 PCs population as measured in vivo following whisker stimulation ([@BHT268C2]). This enabled us to assess the contribution of the nonlinear interaction between these 2 major excitatory input sources in shaping the response of L2/3 PCs to WD. The model predicts that the activation of both inputs is expected to generate low probability of spiking in L2/3 PCs as was indeed found experimentally ([@BHT268C2]). We also found that the specific morphology of L2/3 PCs (assuming a constant number of synapses and the same spatial distribution of synapses for all modeled cells) has a significant impact on their response to WD. This study brings us yet one step closer to understanding how the unique "hardware" composing a cortical column enables the processing of sensory input within the column.

Materials and Methods {#s2}
=====================

Compartmental Modeling {#s2a}
----------------------

Modeling was carried out using NEURON 6.2.1 simulator ([@BHT268C18]). 3D reconstructions of 3 synaptically connected L2/3--L2/3 pairs of PCs in which the putative location of the synaptic connection is also available, were obtained using a *NEUROLUCIDA* system (Microbrightfield, Colchester VT, USA) and converted to NEURON format (Fig. [1](#BHT268F1){ref-type="fig"}*a*). For the simulations in Figures [2](#BHT268F2){ref-type="fig"}--[5](#BHT268F5){ref-type="fig"}, the prototypical model cell (111200A, Fig. [1](#BHT268F1){ref-type="fig"}*b*, see complete description for this cell in [@BHT268C41]) was used, whereas in Figure [7](#BHT268F7){ref-type="fig"} the above cell plus 5 additional reconstructed L2/3 PCs were used. Dendritic sections were subdivided into compartments; each dendritic compartment was shorter than 20 μm. This yields between 515 and 1182 compartments per neuron. The integration time step for the simulations was 0.025 ms. Figure 2.Distribution of synaptic contacts and unitary EPSP histogram of a L2/3 pyramidal cell population converging onto a single L2/3 pyramidal cell. (*a*) Distribution of 756 L2/3--L2/3 synaptic contacts (red dots) from 270 axons (average of 2.8 contacts per axon) onto the dendritic domain of the modeled prototypical L2/3 pyramidal cell (see Materials and Methods section). Due to overlap, each dot may represent more than one synaptic contact. (*b*) Distribution of the average amplitude of the 270 modeled unitary EPSPs (red) superimposed on the experimental distribution of the average unitary EPSPs (black). (*c*) The coefficient of variation (CV) plotted as a function of the EPSP peak amplitude (model in red, experiment in black). Figure 3.Model prediction for the distribution of compound EPSP\'s resulting from L2/3--L2/3 pyramidal cell connection following whisker stimulation. (*a*) Three individual PSTHs measured in vivo from 3 L2/3 pyramidal cells following whisker deflection (purple); the average PSTH in shown in red (*n* = 25 cells). Gray bars below the PSTHs indicate the onset and offset of the whisker deflection. (*b*) Composite EPSP amplitude distribution following whisker deflection predicted by the model based either on the 3 individual PSTH shown in *a* (purple histogram, *n* = 200) or on the average PSTH (corresponding red histogram, *n* = 200), see Materials and Methods section. In both cases, AP threshold was not reached. Figure 4.Comparison of the dendritic innervation of L2/3 pyramidal neuron by synaptic inputs arising either from lateral L2/3 pyramidal cells or from feedforward L4 spiny stellate cells. (*a*) 756 synaptic contacts (red dots) established by 270 L2/3 pyramidal cells axons (average of 2.8 contacts per axon). (*b*) 1575 synaptic contacts (yellow dots) established by 350 L4 spiny stellate cells axons (average 4.5 contacts per axon). (*c*) Superposition of synaptic contacts converging from the 2 input sources. Each dot may represent more than one synaptic contact; red and yellow dots were slightly shifted from each other to avoid overlap. Figure 5.Distribution of compound PSP amplitudes following whisker deflection---experiment versus model with both L2/3 + L4 activated. (*a*) Top: 20 experimental responses of a barrel-related L2/3 cell to principal whisker deflection (courtesy of M. Brecht). Black traces are responses from the Down state*.* Orange trace: Records of 20 model responses to whisker deflection; note an occasional spike (truncated). Activation of modeled synaptic inputs was drawn from both the average PSTH recorded in vivo from L2/3 pyramidal cells (red histogram, *n* = 26) as well as from the average PSTH recorded from L4 spiny neurons (lower yellow histogram, *n* = 25). Gray bars below voltage traces and PSTHs indicate the onset and offset of whisker deflection. (*b*) Experimental distribution of PSPs amplitude from the Down state, following whisker deflection. (*c*) Model prediction of the distribution of composite PSPs amplitude following whisker deflection. Orange histogram depicts the case whereby the average PSTHs shown in (*a*) were used as input. The green histogram illustrates the case in which the input was drawn from individual PSTHs of the 3 L2/3 pyramidal cells depicted in Figure [3](#BHT268F3){ref-type="fig"}*a* (purple) and the PSTHs of 6 individual L4 spiny neurons (Fig. [7](#BHT268F7){ref-type="fig"}*a*, in [@BHT268C41]). Spikes are evoked in the model and in experiments for PSPs larger than 30 mV (rightmost bar).

Passive Cable Model of L2/3 Pyramidal Cells and Properties of L2/3-to-L2/3 Synaptic Connection {#s2b}
----------------------------------------------------------------------------------------------

The procedure for estimating the specific passive, *R*~m~, *C*~m~, and *R*~i~ for each of the modeled L2/3 PCs was as previously described ([@BHT268C41]). Dendritic spines were incorporated globally into the modeled neuron as outlined in [@BHT268C41].

Excitatory synaptic responses at L2/3 PCs have both AMPAR and NMDAR components ([@BHT268C6]). We used the standard equation to describe the synaptic conductance associated with both of these components (for a detailed description, see [@BHT268C41]). The target for model fitting was the experimental average unitary EPSP recorded in each of the 3 morphologically reconstructed L2/3 PCs for which the location of the putative synapses is also known (Fig. [1](#BHT268F1){ref-type="fig"}). Additional targets for the model fit were unitary EPSPs from 4 additional synaptically connected L2/3--L2/3 PC pairs that were not morphologically reconstructed (and hence the dendritic location of synaptic contacts was not defined, Fig. [1](#BHT268F1){ref-type="fig"}*b*). In this case, the location of contacts was randomly chosen according to the probability of a synapse to be at a certain branch order ([@BHT268C14]); the average distance of these modeled contacts was 90 µm from the soma as was found experimentally ([@BHT268C14]). A genetic algorithm, implemented in NEURON, was used for estimating the synaptic parameters for both AMPA and NMDA components that provide the best fit for the target experimental EPSPs ([@BHT268C48]; [@BHT268C12]).

Neuron Model Parameters for the in Vivo Condition {#s2c}
-------------------------------------------------

Under in vivo conditions (measured in anesthetized animals), *R*~in~ is ≈ 40% of that measured in vitro, yet the membrane time constant remains essentially the same in both conditions ([@BHT268C51]; [@BHT268C41]). Therefore, for our in vivo simulations (Figs [3](#BHT268F3){ref-type="fig"} and [5](#BHT268F5){ref-type="fig"}--[7](#BHT268F7){ref-type="fig"}), we have used a *R*~m~ value of 4500 Ωcm^2^ and a *R*~i~ value of 150 Ωcm, so that the model *R*~in~ is reduced by a factor of 2.5 compared with that measured in vitro. To maintain the same time constant, *C*~m~ was multiplied by the ratio between the in vitro and the in vivo *R*~m~ (*C*~m~ = 2.3 μF/cm^2^). Nonlinear membrane properties of L2/3 neurons were also modeled are as previously described ([@BHT268C41]).

L2/3 Pyramidal Cells Population Converging Onto a Single L2/3 Pyramidal Cell {#s2d}
----------------------------------------------------------------------------

On average 270 L2/3 PCs converge onto a single L2/3 PC ([@BHT268C14]). Each L2/3 PC establishes about 2.8 synaptic contacts on the target L2/3 PC ([@BHT268C14]). Therefore, on average, 756 synaptic contacts are formed by the presynaptic L2/3 PCs on a single postsynaptic L2/3 PC. The distribution of synaptic inputs over the dendritic surface of a L2/3 neuron was taken from Table [1](#BHT268TB1){ref-type="table"} in [@BHT268C14]. To check the validity of this distribution, we activated individually 270 axons (each composed of 2--4 randomly chosen synaptic contacts, out of 756). Each contact was activated 100 times, using the synaptic parameters that were found to fit the experimental unitary EPSP (Table [1](#BHT268TB1){ref-type="table"}). For each synapse activated, the maximal conductance for the AMPA and NMDA receptors was chosen at random from a lognormal distribution, with a mean of 0.52 ± 0.24 nS for the AMPAR and 0.40 ± 0.34 nS for the NMDA receptor (see Table [1](#BHT268TB1){ref-type="table"}). The release probability at each synaptic contact was 0.71, calculated from the failure probability and the number of synaptic contacts per pair given in [@BHT268C14]. Table 1Model predictions for L2/3--L2/3 synaptic parametersCell*g*~AMPA~ (nS)*τ*~1~ (ms)*τ*~2~ (ms)*g*~NMDA~ (nS)*τ*~1~ (ms)*τ*~2~ (ms)110602A0.710.330.330.390.2331280503A0.210.992.01.05.046130602A0.250.0600.630.130.7997120902A0.460.262.00.221.6 7.6060202B0.670.410.410.00104.112110602A20.510.450.770.402.022260802A0.840.0201.80.693.234Average0.520.361.10.402.436S.D0.240.320.750.341.730[^1]

Simulating Responses of L2/3 Neuron to Whisker Deflection {#s2e}
---------------------------------------------------------

WDs that induced compound EPSPs and occasionally the generation of APs in the modeled L2/3 PC were simulated by activating synapses originating either from both L2/3 PCs and L4 spiny neurons or from each source separately. For the intralaminar L2/3--L2/3 input, in each simulation, the number of presynaptic L2/3 PCs was randomly chosen from a normal distribution with a mean of 270 ± 16 ([@BHT268C14]). Axons were activated according to the average probability for the generation of an AP (the average peristimulus time histogram, PSTH) measured using whole-cell recordings in vivo ([@BHT268C2]) in L2/3 PCs following WD (*n* = 23, with 20 repetition per cell). Additional PSTHs obtained from recordings from other 3 individual L2/3 PCs with 160 repetitions per neuron were also used either individually or as part of the average PSTH (Fig. [3](#BHT268F3){ref-type="fig"}). The resulting simulated compound PSPs were compared with the experimental PSPs, measured from the Down state in 16 L2/3 PCs ([@BHT268C2]) and from 4 additional recordings of L2/3 PCs responding to WD (Fig. [5](#BHT268F5){ref-type="fig"}). For simulations in which both L4 spiny neurons and L2/3 PCs contributed to L2/3 PC activation, L4 spiny neurons were activated as described previously ([@BHT268C41]); see also Figures [5](#BHT268F5){ref-type="fig"}--[7](#BHT268F7){ref-type="fig"}.

Results {#s3}
=======

Passive Model for L2/3 Pyramidal Cells {#s3a}
--------------------------------------

Passive models were constructed for 3 connected pairs of L2/3 PCs that were physiologically characterized and morphologically reconstructed including the identification of putative synaptic contacts (Fig. [1](#BHT268F1){ref-type="fig"}*b*, red dots). For the 3 postsynaptic L2/3 PCs modeled, the apical dendrite extended between 609 and 639 µm and the basal dendritic tree between 187 and 294 µm. The mean surface area of the dendritic arbor (including the estimation of dendritic spines area; see Materials and Methods section) was 18 974 ± 1155 µm^2^.

Input resistance (*R*~in~) measured in vitro was, on average, 70 ± 21 MΩ, and the membrane time constant was 14 ± 1.7 ms (Fig. [1](#BHT268F1){ref-type="fig"}, legend). Adjustment between model and experiments yielded estimates for the specific membrane resistivity, *R*~m~, and membrane capacitance, *C*~m~, of around 12 000 Ω × cm^2^ and 1.3 μF/cm^2^, respectively, assuming an axial resistance, *R*~i~ of 150 Ωcm.

Time Course of a Unitary L2/3--to--L2/3 EPSP {#s3b}
--------------------------------------------

Seven experimentally measured L2/3--L2/3 unitary EPSPs (Fig. [1](#BHT268F1){ref-type="fig"}*b*,*c*, black traces) were used as targets for estimating the magnitude and time course of the synaptic conductance mediated by both AMPA receptors (AMPAR) and NMDA receptors (NMDAR; see Materials and Methods section). Three pairs were fully reconstructed and their morphology and location of putative synaptic contacts (red dots) are known (Fig. [1](#BHT268F1){ref-type="fig"}*b*). The mean unitary EPSP amplitude (0.87, 0.65, and 0.14 mV, top to bottom in Fig. [1](#BHT268F1){ref-type="fig"}*b*) for these neurons was smaller than the mean unitary EPSP for all 7 pairs (1.0 ± 0.7 mV; see [@BHT268C14]). Consequently, we expanded our dataset by adding 4 unitary EPSPs recorded from connected L2/3--L2/3 PCs for which the location of synaptic contacts and dendritic morphology were not known (Fig. [1](#BHT268F1){ref-type="fig"}*c*). The mean amplitudes of these 4 unitary EPSPs were 1.5, 1.3, 1.0, and 0.83 mV.

Estimation of synaptic parameters by matching a model to the experimental data requires both the dendritic morphology and cable properties of the postsynaptic cells, and the location of the synaptic contact onto their dendritic arbor. As this information is missing for the latter 4 ESPSP\'s, we chose 1 L2/3 PC that was fully reconstructed as the prototypical cell (Fig. [1](#BHT268F1){ref-type="fig"}*c* and previously used in [@BHT268C41]). We show that the passive and synaptic parameters measured in this cell are close to the average of L2/3 PC population. In the model, the locations of synaptic contacts (red dots) were selected such that they agree with the experimentally determined statistical distribution (branch order and average distance from soma of 90 μm) of these synaptic contacts ([@BHT268C14]). The red lines in Figure [1](#BHT268F1){ref-type="fig"}*b*,*c* depict an excellent fit of the model EPSPs to the experimentally recorded EPSPs (black traces). Synaptic parameters obtained via this matching procedure are shown in Table [1](#BHT268TB1){ref-type="table"}.

The average amplitude of the AMPAR conductance for the 7 cells modeled was 0.52 ± 0.24 nS; the peak value for NMDAR conductance was 0.40 ± 0.34 nS. These values are within the range reported previously ([@BHT268C33]; [@BHT268C47]). Notably, these values are almost twice those found for the L4--L2/3 connection ([@BHT268C41]). This is expected since 1) the average unitary EPSP amplitude for L2/3--L2/3 connections is larger than the unitary EPSP measured for L4--L2/3 connections (1.0 ± 0.7 vs. 0.7 ± 0.6 mV, respectively; [@BHT268C15], [@BHT268C14]); 2) the number of synaptic contacts per axon is smaller for L2/3--L2/3 connections than for L4--L2/3 connections (2.8 ± 0.7 vs. 4.5 ± 0.5; [@BHT268C15], [@BHT268C14]); 3) the average distance of synaptic contacts from the soma is larger for L2/3--L2/3 connections than of for L4--L2/3 connections (91 ± 47 vs. 67 ± 34 μm; [@BHT268C15], [@BHT268C14]). In other words, despite the smaller number of contacts per connection and their more distant dendritic location, an individual L2/3--L2/3 connection is stronger than an individual L4--L2/3 connection, because the synaptic conductance associated with each contact is larger in the former.

Population of Unitary EPSPs at the L2/3--L2/3 Connection: Model Versus Experiments {#s3c}
----------------------------------------------------------------------------------

Fitting L2/3 model to the experimental data obtained from L2/3 to L2/3 pair recordings provided an estimate for properties of individual synaptic contacts (Table [1](#BHT268TB1){ref-type="table"}; Fig. [1](#BHT268F1){ref-type="fig"}). Next, 756 synaptic contacts from 270 axons (average of 2.8 contacts per axon, see [@BHT268C14] and Materials and Methods section) were distributed over the modeled L2/3 PC at the appropriate dendritic innervation domain of the L2/3--L2/3 connection (Fig. [2](#BHT268F2){ref-type="fig"}*a*; [@BHT268C14]). The 270 presynaptic L2/3 "axons" were activated individually and the distribution of the resulting simulated EPSPs was measured (see Materials and Methods section). On average, the amplitude of the model unitary EPSP was 1.0 ± 0.6 mV (Fig. [2](#BHT268F2){ref-type="fig"}*b*, red) with corresponding coefficient of variation (CV) of 0.39 ± 0.07 (Fig. [2](#BHT268F2){ref-type="fig"}*c*, red), in excellent agreement with the experimental data (amplitude of 1.0 ± 0.7 mV, Fig. [2](#BHT268F2){ref-type="fig"}*b* black dots, and CV of 0.33 ± 0.18, Fig. [2](#BHT268F2){ref-type="fig"}*c*, black, respectively; [@BHT268C14]). These results show that our model of the L2/3--L2/3 connection and the dendritic domain for the synaptic contacts is "realistic". This model was further used to explore the contribution of the L2/3--L2/3 connection to the response of L2/3 PCs following WD.

Simulation of Whisker Deflection: Input from Layer 2/3 Alone {#s3d}
------------------------------------------------------------

In the simulation illustrated in Figure [3](#BHT268F3){ref-type="fig"}, the input to the modeled L2/3 PC was sampled either from the average spiking probability (PSTHs) of L2/3 PCs following WD measured experimentally ([@BHT268C2]; Fig. [3](#BHT268F3){ref-type="fig"}*a*, red) or from the PSTHs of 3 individual L2/3 PCs (measured by R. Bruno, unpublished results, Fig. [3](#BHT268F3){ref-type="fig"}*a*, purple). Figure [3](#BHT268F3){ref-type="fig"}*b* depicts the composite EPSPs amplitude distribution following WD predicted by the model, based either on using the 3 individual PSTHs (purple) as the model input or on the average PSTH (red), see Materials and Methods section. There is no significant difference between the 2 cases; in both, the distribution of the voltage amplitude of the compound EPSP about the mean is relatively narrow. For the case based on the average PSTH (red), 122 axons out of the total of 270 (i.e., 259 synaptic contacts, assuming a release probability of 0.71, calculated based on the results in [@BHT268C14]) were activated on average per WD (ranging between 97 and 154 axons, corresponding to 201--325 synaptic contacts). The average amplitude of the compound EPSP is 7.6 ± 1.7 mV (range between 4.1 and 17.0 mV). For the individual PSTHs case (purple), on average 117 axons (i.e., 215 synaptic contacts, assuming release probability of 0.71) were activated per WD (ranging between 91 and 147 axons, corresponding to 161--267 synaptic contacts). In this case, the average amplitude of the compound EPSP is 7.2 ± 1.4 mV (range between 3.4 and 10.9 mV). In both cases, the AP threshold was not reached in the modeled L2/3 PC \[spike threshold is near 30 mV above the resting potential in both model and experiments ([@BHT268C2])\].

We conclude that the contribution of the intracolumnar lateral L2/3--L2/3 connections, on its own, is significantly below threshold for initiating a spike in L2/3 PCs. Therefore, this intracolumnar connection is too weak to trigger the lateral spread of activity within this layer. However, this may be substantially different during UP states of cortical activity, during which the excitability of excitatory neurons is significantly enhanced ([@BHT268C34]; [@BHT268C9]; [@BHT268C7]; [@BHT268C8]; [@BHT268C19]).

Simulation of Whisker Deflection: Input from Both L2/3 and L4 {#s3e}
-------------------------------------------------------------

Before modeling the combined impact of both feedforward L4--L2/3 and the lateral L2/3--L2/3 connections on L2/3 PCs (based on experimental recordings from both L4 as well as L2/3 responses to whisker stimulation), we show (Fig. [4](#BHT268F4){ref-type="fig"}) the distribution of synaptic contacts over the dendritic field of L2/3 PC of these input sources (L2/3 input is in red and input from L4 spiny neurons is in yellow, see [@BHT268C30]; [@BHT268C14]). Notably, synaptic inputs from both sources overlap to a significant degree. There are about 2-fold more contacts converging from L4 spiny neurons onto a single L2/3 PC than those arising from L2/3 (1575 vs. 756 on average, respectively). Synaptic contacts from L2/3 PCs are, on average, more distal than synaptic contacts from L4 spiny neurons (90 vs. 70 µm; [@BHT268C15], [@BHT268C14]); both types of synaptic input avoid the distal parts of L2/3 dendrites.

Figure [5](#BHT268F5){ref-type="fig"} compares the distribution of experimentally measured compound PSPs in L2/3 PCs following WD and those predicted by the model, with model inputs drawn from sources in both layer 4 and 2/3. The experimental average PSTH measured in L4 spiny neurons (Fig. [5](#BHT268F5){ref-type="fig"}*a*, yellow histogram; [@BHT268C3]) and that in L2/3 PCs served as an input to the model (Fig. [5](#BHT268F5){ref-type="fig"}*a*, red histogram; [@BHT268C2]; and see also [@BHT268C41]). Experimentally, a broad distribution of compound PSPs was found ([@BHT268C41]), with average amplitude of 18 ± 10 mV (Fig. [5](#BHT268F5){ref-type="fig"}*b*). In this case, the rightmost bin (30 mV) is the contribution of mostly one cell (which is over-represented with 149 traces of a total of 424 traces from a total of 20 cells) that tended to spike with high probability (0.53 APs per stimulus). With this neuron included, the experimentally determined spiking probability is 0.23 APs per stimulus, whereas without this neuron, the average amplitude of the compound PSPs was 17 ± 9 mV, and the corresponding firing probability was only 0.06 APs per stimulus.

The corresponding average amplitude of the modeled compound EPSP in the simulations (*n* = 200) was 16.3 ± 3.5 mV (Fig. [5](#BHT268F5){ref-type="fig"}*c*, orange), with a distribution that is narrower than the experimental one (see Fig. [5](#BHT268F5){ref-type="fig"}*b*), but broader than the distribution obtained when the input arises from either L2/3 PCs or L4 spiny neurons alone (Figs [2](#BHT268F2){ref-type="fig"} and [5](#BHT268F5){ref-type="fig"} in [@BHT268C41]). When both input sources were activated, the model L2/3 PC does generate APs with a probability of 0.01 APs per stimulus (Fig. [5](#BHT268F5){ref-type="fig"}*c*, right most orange bin).

Figure [5](#BHT268F5){ref-type="fig"}*a* (top trace) depicts 20 experimental responses of 1 barrel-related L2/3 cell to principal WD (courtesy of M. Brecht); black traces are responses from the Down state*.* The corresponding orange traces below are 20 modeled compound EPSPs in response to WD; the stimulations for these traces were drawn from the average (L4 + L2/3 histogram, as in Fig. [5](#BHT268F5){ref-type="fig"}*c*); this explains the somewhat more smeared and slow simulated versus the experimental compound EPSPs.

In another set of simulations, in which the PSTH of 6 individual L4 spiny cells (Fig. [6](#BHT268F6){ref-type="fig"}*a* in [@BHT268C41]) and of PSTH of 3 individual L2/3 PCs (Fig. [2](#BHT268F2){ref-type="fig"}*a*, purple) were used to sample the input for the model L2/3 neurons, the distribution of compound EPSPs was much broader (Fig. [5](#BHT268F5){ref-type="fig"}*c*, green), more closely resembling the experimental distribution. In this case, the average amplitude is 17.8 ± 11.2 mV and the spiking probability is 0.35 APs/stimulus. Figure 6.Spatial distribution of activated synaptic contacts on L2/3 dendrites following whisker deflection predicted by the model. Three realizations (trial 1, 2, and 3) of the model following whisker deflection are shown (*a*--*c*); only a subset of the basal dendrites of the modeled neuron given in Figure [4](#BHT268F4){ref-type="fig"} is shown (see also [@BHT268C49]). Statistics of activation of synaptic contacts was drawn from the corresponding red and yellow PSTHs shown in Figure [5](#BHT268F5){ref-type="fig"}*a*. Red dots are activated synaptic contacts established by L2/3 pyramidal cells and yellow dots are activated synaptic contacts established by L4 spiny neurons. The corresponding composite EPSPs are shown in *d*.

Based on the total length of the dendritic domain of the modeled L2/3 PC (7933 µm) and on the total number of synapses from excitatory L2/3 and L4 neurons converging on the modeled cell (2331), the estimated density of synaptic contacts from these 2 input sources is one contact per 3.4 µm length of L2/3 dendrites in close agreement with ([@BHT268C50]). Apparently, these 2 input sources establish only very few if any synaptic contacts with the distal portion of the L2/3 dendrites (Fig. [4](#BHT268F4){ref-type="fig"}). Hence, the actual synaptic contact density of L2/3 and L4 inputs in the dendritic domain of L2/3 PCs is larger than calculated above. In Figure [6](#BHT268F6){ref-type="fig"}, we compute the trial-to-trial variability in the number and the spatial organization of the activated synapses following WD. Superimposed on a selected L2/3 dendritic branch are dots indicating the activated synapses per trial; red dots are for synapses originating from L2/3 PCs and yellow dots are synapses established by L4 spiny neurons. The variability of activated synapses between trials is relatively large. For trial 1, 2, and 3, the total number of activated synapses was 133, 115, and 69 for the L2/3 input and 298, 696, and 124 for the L4 input, respectively. Only a portion of these activated contacts are shown in the dendritic branch depicted in Figure [6](#BHT268F6){ref-type="fig"}. The result of this trial-to-trial variability in the number and location of activated synapses is reflected by the large variability in the corresponding composite EPSP amplitudes (Fig. [6](#BHT268F6){ref-type="fig"}*d*).

Effect of L2/3 Pyramidal Cell Morphology on the Response to Whisker Deflection {#s3f}
------------------------------------------------------------------------------

For these simulations, we have used one reconstructed L2/3 PC as the prototypical model cell (Fig. [7](#BHT268F7){ref-type="fig"} top cell on the left). However, L2/3 PCs show some variability in their dendritic branching pattern and dimensions (Fig. [7](#BHT268F7){ref-type="fig"} insets; [@BHT268C14]; [@BHT268C17]; [@BHT268C4]). These morphological differences are likely to affect the response behavior to WD of these neurons. We examined this possibility by modeling the response to WD in 6 different L2/3 PCs for which full morphological reconstructions were obtained in vitro. These model L2/3 PCs were stimulated using both L2/3 and L4 inputs while keeping all parameters identical (passive and active membrane properties, average number of synapses converging on the dendrites and the statistics of their activation, and their spatial distribution over the dendritic field). Figure [6](#BHT268F6){ref-type="fig"} suggests that the response variability among cells is rather large; some L2/3 PCs tend to spike with high probability in response to this input (cell at lower right) whereas, for other cells, the voltage response is well below threshold for spiking (e.g., cell at lower left). Figure 7.Response variability to whisker deflection due to difference in morphology of L2/3 pyramidal cells. The dendritic arbor of modeled cells is depicted in the inset of each panel and the corresponding distribution of composite PSPs amplitude following whisker deflection predicted by the model is shown in orange. Modeled synapses were activated based on the average PSTHs measured in vivo from both L2/3 and L4 neurons (red and yellow PSTHs in Fig. [5](#BHT268F5){ref-type="fig"}*a* bottom). In all 6 neurons modeled, the same specific *R*~m~, *C*~m~, and *R*~i~ values were used with identical number of synapses activated and same statistics for their spatial distribution over the dendritic tree (see Materials and Methods section). The only difference between these cases is in the morphology of the modeled postsynaptic L2/3 pyramidal cells. Details are provided in Table [2](#BHT268TB2){ref-type="table"}.

We found that the average amplitude of the compound PSPs and the probability to generate an AP are strongly correlated with the input resistance of the cells (*r* = 0.94 and *r* = 0.84, respectively) and both are less correlated with the cell\'s surface area (*r* = −0.69 and *r* = −0.82, respectively; see summary for these 6 cells in Table [2](#BHT268TB2){ref-type="table"}). The average probability *r* for generating an action potential (AP) in the modeled 6 L2/3 PCs is 0.11 ± 0.22 APs per stimulus. Another source of variability in somatic PSPs and spiking probability (assuming that the only difference is the dendritic morphology while all other parameters are constant) is the expected variability in the effective cable distance (different cable filtering) for the synapses with the change in dendritic morphology/branching pattern. Indeed, cable theory for dendrites shows that the same synapse located at the same branch order and distance from the soma, but on cells with different dendritic morphologies, might result in different somatic EPSP. Table 2Calculated input resistance and surface area for the 6 modeled cells shown in Figure [7](#BHT268F7){ref-type="fig"}Cell*R*~in~ (MΩ)Surface area (µm^2^)Firing probability (APs/stim.)Average EPSP amplitude (mV)111200A3318 9970.0116.3141200B2821 8100.0115.4141200C2821 1460.0012.9110602A3519 1420.0218.0280503A3220 0360.0917.4130602A4117 7440.5626.1Average3319 8120.1117.7S.D514970.224.5[^2]

We conclude that the inherent morphological difference between L2/3 PCs population can, on its own, explain the experimental finding as to why some L2/3 PCs seem to spike more readily than others following WD (Fig. [3](#BHT268F3){ref-type="fig"}*a*; [@BHT268C3]; [@BHT268C2]). Clearly, other parameters not studied here, such as different in number and spatial distribution of converging synapses among cells, are expected to have a strong impact on the somatic PSP\'s and on AP firing probability for different L2/3 PCs. This calls for caution when using a "prototypical" cell for representing, via a model, the L2/3 population, as the mere morphological inhomogeneity within the same cortical layer could be responsible, to a large extent, for the observed differences in their response properties (see Discussion section).

Discussion {#s4}
==========

In this experimentally based computational study, we explored the contribution of the intracolumnar lateral excitatory L2/3--L2/3 connection to the spiking probability of L2/3 PCs following WD. In addition to modeling, the L2/3--L2/3 cortical "module," we incorporated this module to another "module" the feedforward L4--L2/3 excitatory connection ([@BHT268C41]). This enabled us to evaluate the interplay between the 2 excitatory inputs in shaping the response of L2/3 PCs to WD.

Sensory excitation via L4 spiny neurons together with lemniscal thalamococortical afferents to layer 3 ([@BHT268C22]; [@BHT268C1]) initiates lateral excitation between L2/3 PCs ([@BHT268C24]; [@BHT268C2]; [@BHT268C37]). In order to study the impact of this connection on the response to WD, we first used in vitro data from connected L2/3--L2/3 pairs with identified locations of their synaptic contacts. The average EPSP amplitude of 1.0 mV in this connection (with 2.8 contacts per connection; [@BHT268C14]) and with a total of 270 axons from L2/3 PCs converging onto a single L2/3 PC, this input is expected to contribute significantly to the response of these neurons. However, the model predicts that the lateral input from other L2/3 PCs is not strong on its own; it is expected to produce a compound EPSP of 7.6 ± 1.7 mV following WD. This is below the (very positive) threshold for spike generation in L2/3 PCs (∼ −35 mV). Thus, the lateral L2/3--L2/3 connection alone cannot drive L2/3 PCs following a WD. Yet, together with the direct feedforward excitatory input from layer 4 (350 axons, each generating an EPSP of 0.7 mV with 4.5 contacts per connection) a firing probability that ranges between 0.10 and 0.35 APs/stimulus was obtained, which is in good agreement with the experimental finding measured in vivo in rats ([@BHT268C23]) and in mice ([@BHT268C42]).

One conclusion that arises from our simulation is that the often used process of averaging neural APs should be handled with great care. We demonstrated that when using the average PSTH (of both L4 and L2/3 population) as the model input, the resultant composite EPSP is significantly smaller and narrower (and thus the probability of spiking is smaller) than when the PSTH of individual presynaptic cells was used (Fig. [5](#BHT268F5){ref-type="fig"}, orange vs. green histogram). Furthermore, in most of our earlier simulations, we used a prototypical (or averaged) L2/3 PC as our postsynaptic target. However, as in the experimental recordings in which the results are summed over many cells, we repeated our simulation in 6 fully reconstructed L2/3 PCs and found that the morphology (and corresponding input resistance) of the neuron is highly correlated with their responsiveness. The subpopulation of L2/3 PCs with a smaller membrane area (larger input resistance) is expected to be more responsive to whisker stimulation; these cells will then recruit (together with the input from L4 cells) additional L2/3 PCs. This result further supports our argument concerning the pitfalls of using average parameters (e.g., "prototypical" morphology) and may explain some of the mismatch observed between model and experiments.

Although the spiking probability obtained in our model following WD is consistent with the experimental result ([@BHT268C11]; [@BHT268C23]), the model lacks both feedforward and lateral and/or feedback inhibition that operates in parallel with the excitatory pathway ([@BHT268C17]). Furthermore, it is possible that L4 spiny neurons may more efficiently recruit L2/3 interneurons than L2/3 PCs ([@BHT268C17]) suggesting that inhibition is initiated in L2/3 PCs in a narrow (1--3 ms) window following excitation. This suggest that the model for L2/3 PCs not only lacks inhibitory input sources but also additional excitatory input sources, such direct input from the thalamus ([@BHT268C22]; [@BHT268C1]) or from deep cortical layers ([@BHT268C5]; [@BHT268C28]).

Two points regarding the role of inhibition in shaping whisker response are worth noting. First, the close similarity of the simulated voltage traces in our L2/3 model and those recorded in vivo indicates that, in fact, the 2 excitatory modules included in our present modeling capture much of the in vivo response to whisker stimulation. Second, some of the impact of inhibition within the barrel network is indirectly included in our modeling study, because the PSTHs measured in vivo (both from L4 and L2/3 cells) is already affected by inhibition within the network. How much of the whisker response is fine-tuned by inhibition requires further modeling study which we plan to pursue in our future efforts.

Moreover, other factors were not taken into account, such as second-order synchrony among L4 and/or L2/3 cells, as well as the possibility for the existence of functional subgroups ([@BHT268C41]) or possible functional differences relating to the position of L2/3 pyramidal neurons above barrels, septa or neighboring barrels, respectively ([@BHT268C23]; [@BHT268C25]; [@BHT268C36]). Other factors that influence the excitability of cortical neurons are neuromodulators such as acetylcholine or noradrenaline ([@BHT268C13]; [@BHT268C8]). Nevertheless, this study brings us one step closer to understanding how the unique "hardware" composing the cortical column enables the processing of sensory input within the column. Specifically, it addresses the question how the different modules of the barrel column shape the response to whisker stimulation. Once we have a faithful in silico model for the barrel column, we can explore it to highlight the key components that determine its different computational functions.
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[^1]: *g*~AMPA~ and *g*~NMDA~ are the maximal conductance for the AMPA- and NMDA-receptor channels at individual synaptic contact; *τ*~1~ and *τ*~2~ are the time constants that govern the double exponent function describing the receptor\'s kinetics. Equations used are as in [@BHT268C41]. Shaded area is for the 4 EPSPs depicted in Figure [1](#BHT268F1){ref-type="fig"}*b* for which the morphology of the postsynaptic cell is not available.

[^2]: Input resistance (*R*~in~) was calculated using identical *R*~m~ and *R*~i~ that fit the in vivo condition (see Materials and Methods section).
